Liebow in their study of electrical alternans10) clearly recorded an increased amplitude and delayed intrinsicoid deflection of the R wave and a reduced amplitude of the S wave shortly after coronary ligation, these QRS waveform changes were not discussed by the authors. In 1961, Ekmekci, Prinzmetal and their associates11) noted that this increase in the R wave amplitude was associated with severe myocardial ischemia and termed it the "giant R wave". In their experiments, the "giant R wave" was most pronounced at the center of the ischemic area, and its amplitude became progressively smaller as the periphery of myocardial ischemia was approached. They postulated12) that the giant R wave was a result of delayed conduction into the ischemic muscle. Recently, Holland and Brooks13) demonstrated a biphasic sequence in the net QRS potential from unipolar electrocardiograms at the epicardial center of a zone of acute (150sec) ischemia in pigs. They described an initial, slight reduction of QRS amplitude, followed by a dramatic increase (the giant R wave). The giant R wave was considered to result from a slowing of conduction into the ischemic zone, thus reducing the internal cancellation and reflecting the wavefront as it enters ischemic borders. Clinically, the giant R wave has been observed during attacks of variant angina,14)-16) during exercise-induced angina17) and during the hyperacute phase of transmural infarction.18),19) Our recent clinical study19) has shown that the giant R wave occurred not infrequently during the hyperacute phase of both anterior and inferior myocardial infarction in man. Significant increases in both the height and the width of the R wave appeared in ECG leads which demonstrated ST segment elevation and tall T waves. In these patients, mean QRS axes shifted toward areas of the acute infarct, i.e. an anterior QRS axis shift in the horizontal plane occurred during acute anterior infarctions, and an inferior QRS axis shift in the frontal plane was observed during acute inferior infarctions. Thus, we hypothesized that a delayed activation of the infarcting myocardium played a role in the genesis of the giant R wave.
The purposes of this study were to define spatial and temporal characteristics of electrical activation of ischemic tissue in the pig and to test the hypothesis that temporal isolation of ischemic tissue activation leads to the formation of the giant R wave. The study was conducted in 30 open-chest anesthetized pigs in which myocardial activation of both ischemic and nonischemic ventricular tissue was monitored by multiple epicardial and intramyocardial electrodes. In 3 of 30 pigs, left ventricular dimensions were also monitored using piezoelectric crystals during the periods of giant R wave appearance and disappearance.
A portion of this report has been presented previously. artery. Left ventricular dimensions were measured along two separate axes using two pairs of piezoelectric crystals,22) 4mm in diameter and resonant at 5MHz, all sewn about halfway between the apex and base of the left ventricular epicardial surface. The first pair was positioned with the anterior crystal at the epicardial center of the anticipated ischemic zone and the posterior crystal at the posterior interventricular sulcus (LV Dimension 1). The second pair was attached with the anterior crystal at the anterior interventricular sulcus and the posterior crystal at the posterior free wall (LV Dimension 2). The axes of the two pairs intersected at about 60 degrees.
Data analysis: Variables analyzed were: 1) net QRS potential, expressed as the arithmetic sum of the height of the unipolar QRS complex measured from the TP segment baseline; 2) ST segment deflection, defined as the vertical distance from a line connecting consecutive TP segments to the ST segment, sampled 40msec after the end of the unipolar QRS complex; 3) the differences between net QRS and ST potentials from the same unipolar recordings, and 4) impulse arrival time at each electrode, taken to be the time between the onset of depolarization of the unipolar reference intraventricular electrode and the maximum deflection in bipolar recordings of two adjacent electrodes (1mm interelectrode distance). All measurements were made by the same investigator (W.C.). Complexes were excluded from analysis if arrhythmia, premature beats, or an unstable baseline was present. The net QRS and ST potentials were expressed as the average of 5 consecutive sinus beats.
The epicardial mat units were arbitrarily divided into 3 zones (2 electrodes from each zone were analyzed) based upon the local unipolar electrocardiograms.
These zones were: 1) "normal", those electrodes situated at least 4mm outside the "ischemic border"; 2) "ischemic border", the 2 outermost electrodes showing ST segment elevation; and 3) "ischemic", those electrodes at least 4mm inside the ischemic border. The "plunge" electrodes were also divided into 3 zones (2 electrodes from each zone were analyzed):
1) epicardial, those leads within 2mm of the epicardial surface; 2) intramural, those leads between 3 to 5mm from the epicardial surface; and 3) endocardial, those leads within 2mm of the ventricular cavity. The mean and standard error of the mean were calculated for each of the zones.
Statistical analysis was carried out by first testing for the overall difference in the 3 zones of the mat and of the plunge units using univariate Jpn. Heart J. November 1989 one-way analysis of variance.23) If a significant difference was observed, paired Student's t-tests using the Bonferroni correction24) (to maintain an overall level of significance of p<0.01) were performed separately for paired electrocardiographic zones. Correlations between QRS potentials and arrival times were computed for each pig at each time interval. Fig.1 . Development of the giant R wave from stationary intramural "plunge" electrodes located inside the ischemic zone . The unipolar electrocardiograms were recorded simultaneously with a reference unipolar intraventricular electrode. The "epicardial" electrode was located within 2mm of the left ventricular epicardial surface the "intramural" electrode was 3 to 5mm from the ventricular epicardial surface, and the "endocardial" electrode was within 2mm of the ventricular cavity. At time 0, transmural depolarization was nearly simultaneous and was dominated by an S wave in all leads, without a significant difference in the net QRS potentials. Giant R waves appeared soon after ligation (4min) and were taller in the "epicardial" lead than in the "intramural" lead. No giant R wave was seen in the "endocardial" lead . Delay in the intrinsicoid deflection and widening of the QRS complex were also greatest in the "epicardial" lead. Later in ischemia, the "epicardial" lead showed a decrease in R wave height.
RESULTS

Baseline
Epicardial QRS characteristics after coronary ligation:
Figures 2-7 illustrate the distribution and time course of the development of epicardial giant R waves after coronary ligation. Tracings from epicardial leads showed marked changes in the QRS complex, as well as elevation of the ST segment within 1-2min of ligation (Fig.2) . Figure 3 demonstrates the characteristic temporal evolution and spatial distribution of changes in the QRS morphology, as recorded by the stationary epicardial electrodes positioned across the ischemic zone. It can be seen that QRS morphologies and amplitudes, as well as impulse arrival times, were similar in all of the tracings prior to coronary ligation. However, tracings over the ischemic zone recorded 45min after ligation clearly show a marked accentuation of a terminal R wave and a loss of the S wave amplitude (or transformation of a QRS complex into an entirely positive complex). A marked delay in the intrinsicoid deflection and prolongation of the QRS complex was also observed. These changes were greatest near the center of ischemia, less pronounced at the ischemic border, and absent outside the ischemic zone (Figs.3 and 4) .
As seen in Fig.5 , the net QRS potential became significantly more positive than the control potential (p<0.05) 1min after coronary ligation and peaked at 8min after ligation (p<0.0001). During late ischemia (around 60min), the R wave frequently diminished in amplitude, and the QRS complex became increasingly difficult to distinguish from the ST segment. To ensure that the apparent increased R wave was not solely attributable to elevation of the ST segment (and/or to TQ segment depression), the TQ-ST potential difference was subtracted from the net QRS potential. Continuous epicardial unipolar electrocardiogram showing a gradual development of the giant R wave. Before coronary ligation, the QRS complex is predominantly an S wave, with a net QRS potential of approximately -7mV. After ligation, this electrode (located within the acutely ischemic zone) registers not only the typical ST segment elevation, but also an increase in the R wave amplitude and attenuation of S wave voltage. This change begins within 1 to 2min after the onset of ischemia. The QRS complex 3min following ligation consists entirely of R wave configuration with a potential of approximately +28mV. This is accompanied by widening of the QRS complex. Paper speeds are 25 and 0.5mm/sec. Jpn.
Heart J. Fig.3 . Development of the giant R wave in stationary epicardial "mat" electrodes positioned across the ischemic zone . The unipolar electrocardiograms were recorded simultaneously from 14 epicardial electrodes (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) with an inter-electrode distance of 1mm and also from a reference unipolar intra-left ventricular electrode (Ref.
). Postmortem distribution of Thioflavin S showed that position 1 was located deep within the ischemic zone, position 10 was over the anatomic ischemic border and positions 11-14 were outside the ischemic zone. Prior to the onset of ischemia (time 0), there was very little difference among the net QRS potentials across the epicardium, and the intrinsicoid deflections at these electrodes were nearly simultaneous. At 45min after coronary ligation, there was a marked increase in the R wave amplitude, a delay in the intrinsicoid deflection, and a widening of the QRS complexes within the ischemic area (electrodes 1 to 10) concomitant with loss of the initial R wave immediately outside the ischemic border (electrodes 11 to 14). The magnitude of the R wave increases gradually from the ischemic border toward the center of the ischemic zone. The QRS complex of the reference electrode remained unchanged despite the formation of the giant R wave over the ischemic area. In late ischemia (55 and 60min) the R wave height decreased, the rS complex replaced the monophasic R wave and the QRS complex was no longer distinguishable from the ST segment. Electrodes 1-6 demonstrate a discrete notch inscribed during the first half of the elevated ST segment, suggesting the presence of a greatly delayed activation wavefront distant from the electrodes. Fig.4 . Spatial distribution of the giant R wave along the epicardial surface over an ischemic zone. Tracings A and B were recorded from 2 different pigs, 40 and 55min after coronary ligation, respectively. The tracings were recorded continuously from a unipolar epicardial mobile wick electrode, as it was passed from a nonischemic zone of the left ventricle (far left), moved slowly across the acutely ischernic area (middle portion), and then moved to the opposite nonischemic zone (far right). As the electrode entered the ischemic zone, several changes occurred: the TQ segment became depressed, the ST segment became elevated, the R wave amplitude increased, the S wave disappeared, and the QRS complex widened. These changes developed gradually as the electrode was passed from the border to the center of the ischemic area. Shown at the top are one-second markers. Fig.7 . Isochrone (left) and isopotential (right) maps at 45min after left anterior descending artery ligation in a pig. The square in the diagrams represents an area covered by a fixed "maxi-mat" unit of 196 electrodes. Prior to coronary artery ligation, epicardial breakthrough occurred first over the anterior interventricular septum; it was detectable over both the left and right ventricles at approximately 14msec after the onset of depolarization. Next, waves of depolarization activated the apical portion, followed by wavefronts moving laterally toward the right and left ventricular free walls. The last portion activated was the postero-basal aspect of the left ventricle. The activation of the entire heart was completed about 30msec after onset. After ligation of the left anterior descending artery, the ischemic border crossed the area of this "maxi-mat" between the 20-25msec isochrone lines or the -4 and -7mV isopotential line. The area beyond this border toward the diagonal branch registered elevation of the ST segment and was not perfused with Thioflavin S in postmortem slices. At 45min after ligation, as seen on the left, the activation wavefront proceeded slowly, forming an orderly, discrete wavefront invading the ischemic area from its lateral border toward its center, reaching an area deep inside the ischemic zone at 60msec. Conduction was blocked beyond this region. The potential map on the right demonstrates the spatial distribution of net QRS potentials. Net QRS potentials of normal voltage (dominated by the negative S wave) appear at the lower right corner of the "maxi-mat" unit (nonischemic area). Leads inside the ischemic region showed more positive net QRS potentials and closely mirror the pattern of conduction delay. The diminished net QRS potentials in areas deep inside the ischemic zone (upper left corner of the "maxi-mat" unit) were recorded over areas of conduction block, and the potentials measured at these locations reflect passively transmitted potentials from distant electrical activity. LV dimensions and ECG Potentials: Table I presents data from the 3 pigs in which left ventricular dimensions and epicardial electrograms were recorded.
The negative pre-occlusion net difference between the QRS amplitude and TQ-ST deflection reversed within 1-2min of ischemia; left ventricular dimensions did not change during this time, After 3-4min of ischemia, the QRS-(TQ-ST) amplitude increased markedly as the initial rS complexes were transformed into monophasic R waves; left ventricular dimensions remained unchanged. The left ventricular size increased significantly after 14-15min of ischemia, with a further increase in the QRS-(TQ-ST) potential difference increased further. Within 1-2min after release of the coronary ligation, the net QRS-(TQ-ST) amplitude returned to near pre-ligation values.
DISCUSSION
This study demonstrated that a significant increase in the net QRS potential occurs during acute transmural myocardial ischemia in the pig. Role of the inhomogeneous volume conductor effect (K) in the genesis of the giant R wave: The net QRS potential in the electrocardiogram may be influenced by the position of the heart in the thorax, the shape of the thorax, the presence of pericardial fluid, the amount of air in the lungs, and the presence of other tissue between the heart and the recording electrode.28) None of these factors contributed to the formation of the giant R wave observed in this study since the recording electrodes were directly applied to the heart throughout the course of the experiments.
Factors that increase the R wave amplitude by the Brody effect29) such as a fall in the hematocrit,30),31) a dilatation of the ventricle,32)-35) or an increase in the plasma conductivity due to an alteration in sodium or potassium concentration were also not operative. The hematocrit, sodium concentration, and potassium concentration remained relatively constant throughout the experiments. In the 3 pigs in which left ventricular dimensions were monitored, changes in ventricular size and QRS amplitude were not parallel. The minimal and delayed increase in LV volume cannot explain the total transformation from an rS complex to a monophasic R wave complex. Millard of phase 0 of the transmembrane potential, thereby slowing transmission of the impulse. The degree of conduction delay has been shown by Holland and Brooks13) and Hill and Gettes39) to be related to locally increased levels of extracellular potassium. Our study suggested a close association between slowing of conduction velocity and the formation of the giant R wave. Our study also showed that an orderly and discrete wavefront advances toward the center of ischemia from lateral and subendocardial areas during acute transmural ischemia. During ischemia, extracellular leakage of potassium is most pronounced near the center of the ischemic region,39) where the conduction delay is also greatest. Such a delay of activation of the ischemic center causes its depolarization to be temporally isolated from the activation of the nonischemic myocardium.
Internal cancellation of the electrocardiographic potentials during normal ventricular activation is thought to be as great as 71% (based upon theoretical computations) and 66% (based upon experimental measurements).40),41) Since porcine Purkinje fibers penetrate to within 1mm of the epicardium and transmural sites undergo nearly simultaneous activation with random spread of activation,42) such randomly oriented wavefronts should largely cancel each other. Thus, low amplitude QRS complexes would be expected. We hypothesize that during ischemia, a discrete, cup-shaped depolarizing wavefront develops at lateral and subendocardial ischemic borders and moves slowly toward the ischemic center (Fig.8) A complicating problem in studying acute ischemia is that the ischemic lesion is not static; it is constantly changing in size and severity. Application of solid angle analysis is also helpful in explaining the decrease in R wave amplitude late in ischemia. With continuing severe ischemia and potassium leakage, the conduction delay in the ischemic zone lengthens and electrical uncoupling of ischemic cells and nonischemic cells occurs. Cellular viability in the ischemic zone is necessary for propagation of the activation wave. As the ischemic time lengthens, the ischemic wavefront begins to fragment.
Such fractionation of the wavefront leads to diminution of the R wave. Moreover, impulse propagation may become completely blocked in the ischemic zone (see Fig.7 ), so that the R wave amplitude is diminished markedly.
Small potentials measured at sites distal to the conduction block merely reflect distant electrical activity (Figs.3 and 7) .
While it is recognized that left or right bundle branch block can deform the QRS complex, bundle branch block did not contribute to the formation of the giant R waves recorded in our study. The QRS complexes recorded from the body surface, from the intracardiac reference electrode and from nonischemic tissue, remained narrow and normal during the genesis of the giant R waves recorded from the leads overlying the ischemic tissue (Figs.  3 and 4) . The impulse arrival times were normal at nonischemic sites (Figs. 6 and 7) and the recording of the giant R wave was confined to electrodes overlying the central ischemic zone (Figs.3, 4 , and 5).
Clinical implications:
Clinically, the giant R wave has been observed during both transient transmural ischemial4,-16) and during the hyperacute phase of transmural myocardial infarction.18),19) Our recent study19) suggests that the giant R wave is not an infrequent finding in acute transmural anterior and inferior infarction.
Its detection in man may be influenced by such factors as the age, size, and location of the infarct and by the orientation of its borders relative to the body surface electrocardiographic leads. However, the implication of these studies is that the giant R wave is one electrocardiographic marker of the hyperacute phase of transmural infarction.
Other markers are obviously ST segment elevation and tall upright T waves. Recent demonstrations of the benefit of early coronary reperfusion43) indicate the potential value of clinical markers of viable but jeopardized tissue during acute ischemia. The giant R wave may serve such a purpose. Further clinical studies are necessary to delineate the temporal course and frequency of the giant R wave during acute transmural infarction, the relationship between the extent of the giant R wave and infarct size or shape, the relationship between the extent of the giant R wave and the development of ventricular dysrhythmias and pump failure, and the degree to which the giant R wave signifies salvageable ischemic myocardium.
In conclusion, this study demonstrates that conduction into acute ischemic tissue is significantly slowed during acute transmural myocardial ischemia in the pig resulting in the formation of a homogeneous and discrete wavefront advancing toward the center of ischemia from its lateral and subendocardial areas. Such local wavefronts do not cancel but complement each other at overlying electrodes. The temporal isolation of ischemic tissue activation from that of nonischemic tissue gives rise to the development of a giant R wave. Further studies are necessary to elucidate the implications of the giant R wave in acute myocardial infarction in patients.
We would like to thank Angela Minisce for her secretarial assistance in the preparation of this manuscript.
